Introduction
============

Clear-cell renal cell carcinoma (ccRCC) is the most common type of kidney cancer in adults and the 10th malignancy worldwide, with approximately 88 400 newly diagnosed patients each year in Europe. Its worldwide incidence and mortality rates rise by 2-3% per decade \[[@R1],[@R2]\]. The etiology of ccRCC is unknown, however obesity, hyper- tension, smoking, unhealthy diet and diabetes are known risk factors \[[@R3]\]. Patients presented with localized ccRCC can be cured with partial or radical nephrectomy. Still, up to 30% of newly diagnosed patients develop metastases and among 20-30% post-surgery treatment cases recurrence is eventually noted. Regardless of the fact that many publications provide insight into the knowledge on probable resistance mechanisms in ccRCC, its actual origin still remains elusive. Lately, therapy for metastatic clear-cell renal cell carcinoma has significantly improved due to the introduction of several novel agents after the failure of initially successful treatment with interleukin 2 (IL-2) or interferon alpha (IFN-α), which were both causing severe toxic side effects in many cases \[[@R4]\]. Until a few years ago, immunotherapy was still the only option for metastatic ccRCC treatment. The novel therapies, including tyrosine kinase inhibitors, have been subsequently introduced \[[@R1],[@R5],[@R6]\].

Tyrosine kinases are signaling molecules and prototypic oncogenes, which play an important role in cancer development. They target various kinases including c-KIT, VEGF 1, 2 and 3, PDGFR-α and β, FLT3, RET, BRAF and CRAF (go to: Abbreviations) \[[@R5],[@R6]\]. TKIs became the most successful class of drugs in the treatment of ccRCC, including sunitinib (SUTENT^®^, Pfizer Inc.), sorafenib (Nexavar^®^, Bayer HealthCare/Onyx Pharmaceuticals), pazopanib (Votrient^®^, GlaxoSmithKline), axitinib (Inlyta^®^, Pfitzer Inc.) and tivozanib (AV-951^®^, AVEO Pharmaceuticals) \[[@R5],[@R7]-[@R12]\]. They all primarily function as anti-angiogenic agents, through the inhibition of tumor endothelium growth and tumor cell survival signaling impairment. As multi-targeted agents, they inhibit a number of receptors with varying potency \[[@R13]\]. Tyrosine kinases can be subdivided into two major groups -- the first one consists of receptor tyrosine kinases (i.e. epithelial growth factor receptor: EGFR, ErbB/HER family members, vascular endothelial growth factor receptor: VEGFR and platelet-derived growth factor receptor: PDGFR) and the second one includes non-receptor cytoplasmic tyrosine kinases (i.e. SRC and FAK) \[[@R14]\]. Receptor tyrosine kinases perform a crucial role in the transduction of extracellular signals into the cell, while non-receptor tyrosine kinases take part mostly in intracellular communication \[[@R15]\].

Vascular endothelial growth factor (VEGF) is an essential molecule in the process of angiogenesis. VEGFR family comprises VEGFR-1, -2, and -3, which all mediate the angiogenic effect of VEGF ligands \[[@R16]\]. There are six different ligands for VEGFR: VEGF-A to VEGFR-E and placental-derived growth factor (PDGF). Those ligands bind to specific receptors on endothelial cells, mostly to VEGFR-2 (FLK-1/KDR), but also to VEGFR-1 (Flt-1) and -3. The binding of VEGF-A to VEGFR-1 is responsible for endothelial cell migration. VEGFR-2 induces endothelial cell proliferation, permeability, and survival and VEGFR-3 is related to lymphangiogenesis \[[@R17]\]. The role of endothelium in the process of resistance to TKIs in ccRCC will be described later on.

The impact of VEGF on the process of angiogenesis and also on cancer pathogenesis has given the rationale for design and development \[[@R16]\]. TKIs designed mainly for ccRCC therapy operate by four different mechanisms: 1) they compete either with adenosine triphosphate (ATP), or 2) with the substrate, or 3) with both, or 4) they act in an allosteric way \[[@R18]\]. In fact, most small-molecule kinase inhibitors discovered to date compete with ATP. On the basis of chemical and conformational changes, tyrosine kinase inhibitors can be classified into 3 categories. Type I kinase inhibitors recognize the active conformation of a kinase. In contrast, type II kinase inhibitors affect the inactive conformation of a kinase by an indirect competition with ATP. In this way, they occupy the hydrophobic  pocket which is directly adjacent to the ATP-binding site. Type III kinase inhibitors are known as 'covalent' inhibitors \[[@R16],[@R19]\].

Many anti-angiogenic TKIs are multi-targeted inhibitors. These agents simultaneously target kinases which are involved in several signaling pathways. The effect is mostly of a broader efficacy than in case of a single-targeted inhibitor. For example, VEGF and PDGF pathways both play important roles in angiogenesis. It has been suggested that a multi-targeted kinase inhibitor blocking VEGFR, as well as PDGFR signaling to inhibit vessel formation, will be more effective than a single-function inhibitor that targets only one of these pathways \[[@R15]\]. Unfortunately, resistance to such therapy will eventually develop regardless of TKIs therapy in ccRCC -- which basically is the most vascularized solid tumor \[[@R20]\].

This article reviews the current state of the art concerning mechanisms of resistance to tyrosine kinase inhibitors, focusing mainly on the presence of a few very specific cell biology processes. It is essential that no ccRCC symptoms are in most cases found in early stages, as a result of which up to 30% of newly diagnosed patients present with metastases at diagnosis \[[@R21]\]. It is therefore needed to focus on understanding the role of many factors in this process, both those yet unknown and those neglected.

Possible mechanisms responsible for changes in tumor microenvironment in response to anti-angiogenic targeted therapy using tyrosine kinase inhibitors are: 1) the possibility to form populations of clonal cells which allow for the upregulation of alternative angiogenic signaling pathways, 2) elevated evasiveness of cells, and 3) intrinsic resistance to the hypoxia conditions \[[@R22]\]. A table providing chosen abnormalities and their connection with drug resistance is presented herein (Table [1](#T1){ref-type="table"}).

Drug resistance in CCRCC as a reversible phenomenon
===================================================

Definition of Drug Resistance
-----------------------------

Resistance to tyrosine kinase inhibitors, or drug resistance in general, is defined as a progression of a disease according to RECIST criteria, despite treatment application. This abbreviation stands for Response Evaluation Criteria in Solid Tumors (patient improves ="responds", patient's health state stays the same = "stabilizes", or worsens = "progresses") during treatment. The progression itself means a 20% or more increase in the number of lesions and their lateral size \[[@R22],[@R23]\].

In general, sensitivity to targeted agents occurs when the survival of particular tumor is dependent on the constitutive activity of signaling pathways. Therefore, resistance to such agent develops, when a tumor becomes independent from the activity of drug targeted pathway. It may happen due to some genetic alterations, which typically cause the impossibility of proper drug binding as a consequence of impaired or lack of crucial proteins. Also, alternative signaling pathways may be activated, or specific molecule expression may increase as an answer to the inhibition, which naturally is its compensation \[[@R24]\].

In various publications, acquired and intrinsic (inherent) resistance is described \[[@R15],[@R25],[@R26]\]. Acquired resistance is defined as a progression of a disease after patients obtain an initial benefit from targeted therapies. Pre-existence of the excessively activated signaling pathways is believed to be mainly responsible for intrinsic resistance to TKIs, which means that patients do not respond to the treatment at all \[[@R25]\].

Intrinsic Resistance is Uncommon in ccRCC
-----------------------------------------

Inherited TKI resistance is rather uncommon in ccRCC, on the contrary to other tumors with hypoxia-driven angio- genesis. For example, in lung cancer or in CML (chronic myeloid leukemia) mutations of genes encoding TKIs contribute to VEGFR inhibitors resistance development. However, this is a highly improbable scenario in kidney cancers in general, as such mutations would have to take place in endothelium, which is the main target of VEGFR inhibitors. Therefore, it is almost impossible that identical mutations would coexist within each metastasis \[[@R22]\]. Apart from these findings published in 2009 in Lancet, Huang *et al*. have published an original paper in Cancer Research a year later, in which they claim that sunitinib targets mainly ccRCC endothelium and is rather not connected with cancer cells. In this way, SUTENT inhibits tumor growth. Taking into account that sunitinib treatment is only somewhat successful, it may be a direct confirmation of described theory \[[@R27]\].

Epithelial-Mesenchymal Transition (EMT) Mechanism **and Tumor Associated Macrophages (TAMs) as Elements** of Resistance Reversibility
-------------------------------------------------------------------------------------------------------------------------------------

Studies have shown that *in vitro* resistance to TKIs is transient. Gotink *et al*. have proved in 2011 that sensitivity to sunitinib is gradually rebuilt after a 12-week period of drug-free culture. For example, prolonged exposure of tumor cells to sunitinib always results in drug resistance development  *in vitro* \[[@R15],[@R28],[@R29]\].

One of the mechanisms which allow to interpret such phenomenon is epithelial to mesenchymal transition (EMT), where polarized epithelial cells convert into motile mesenchymal cells. This is a newly recognized phenomenon in the contemporary oncology era. Protein accumulation in their most modified state (with the highest number of transcriptional events) takes place in response to long-lasting extracellular stimuli, leading to cellular changes -- in fact, often reversible \[[@R29],[@R30],[@R31]\]. This allows epithelial cells to 'escape' from their typical biological structure. β-catenin, supportive for cadherins, translocates from the cell membrane to the nucleus and further participates in EMT process \[[@R32]\]. Matrix metalloproteinases (MMPs) are up-regulated, allowing for the reduction of cell-cell adherence and cells' penetration of the basement membrane. As a result, epithelial cells lose their polarity and change shape \[[@R33]\].

Reverse epithelial-mesenchymal transition and acquired resistance to sunitinib were investigated in ccRCC in xenograft studies. A histological examination from 2011 showed that EMT may be associated with acquired resistance to TKIs. Hammers *et al*. have obtained a biopsy from ccRCC skin metastasis. After transplanting sunitinib-resistant cells into nude mice, density of microvessels was reduced and pericytes coverage was impaired. Moreover, at the very beginning of the experiment, histology of the patient's skin showed sarcomatoid skin lesions (which is typical for carcinomas) consisting of widely vascularized nodules. The latter had atypical spindle shape, facilitating cell movement. After injection all these features were lost. Mesenchymal marker, vimentin, as well as HIF-1α (which is involved in cell adaptation to the state of hypoxia; this, in return, induces VEGF and PDGF expression) exhibited elevated expression, which suggests that the reason for such state is EMT. These transcription factors also indirectly stimulate tumor growth \[[@R34],[@R35]\].

Additionally, EMT was shown to be linked with a Sonic hedgehog signaling (Shh), which regulates embryonic cell growth, but when its ligands become activated, certain processes become also reliant on Shh -- cell proliferation, differentiation, motility etc. Behnsawy *et al*. proved that ccRCC is dependent on Shh signaling and that Shh downstream transcriptional factor (Gli-1) positively regulates epithelial differentiation. If Gli-1 levels are low, it contributes to the metastatic cancer phenotype. Behnsawy's team's *in vitro* research showed that Shh induces EMT markers, such as  E-cadherin \[[@R36]\].

To sum up, histological data showed that EMT cell phenotype significantly contributes to the occurrence of acquired resistance to tyrosine kinase inhibitors. EMT has been under research previously in other cancers: ovarian cancer, non-small cell lung cancer, pancreatic cancer, breast cancer etc. \[[@R37]-[@R39]\]. Authors of these studies state that epithelial to mesenchymal transition may be with confidence added to the list of potential TKIs resistance mechanisms. However, as it was previously mentioned, this resistance is reversible, so if patients receive clinical benefit from the treatment with tyrosine kinase inhibitor(s), they should be given a time-off treatment, mostly with anti-VEGF drugs. After such break it is highly possible that patients will respond to TKI treatment again \[[@R22], [@R37]-[@R39]\]. Resistance to TKIs is therefore a reversible and transient phenomenon, and such knowledge argues with the theory of primary genetic alterations' significance, as these are by definition permanent \[[@R22]\].

It is significant as well that EMT and drug resistance are strictly connected with the presence of a so-called cancer stem cells (or: cancer stem-like cells, tumor-initiating cells). Cancer stem cells (CSCs) are defined as cells found within tumors or hematological cancers that possess features of normal stem cells, mainly the ability to give rise to all cell types. CSCs have therefore a tumor-forming potential, perhaps in contrast to other non-tumorigenic cancer cells. It is highly probable that CSCs will generate tumors or cancers through typical stem cell self-renewal and differentiation processes. Such cells probably exist as a separate subpopulation. It is believed that the development of specific therapies targeted at CSCs will result in the improvement of survival and quality of life of cancer patients, especially for those who suffer from metastases \[[@R40]\].

Huang *et al*. have lately defined CSCs presence in clear-cell renal cell carcinoma with side population (SP) phenotype in five human ccRCC cell lines. Authors indicate that their results reveal the properties of cancer stem cells in ccRCC, which may play important role in tumorigenesis, drug resistance, and excessive tumor angiogenesis \[[@R41]\]. Recently, EMT was shown to transform mammary epithelial cells to cells with stem cell-like properties, including the ability to self-renew and efficient tumor initiation \[[@R42]\]. Also, other evidence in the context of EMT connection with CSCs have been lately published, implying that epithelial-mesenchymal transition not only contributes to increased metastases occurrence, but also causes drug resistance \[[@R43]\].

Tumor-associated macrophages (TAMs) are also involved in the process of epithelial-mesenchymal transition. However, they primarily possess other functions. They were considered to have both negative and positive effect on tumorigenesis. In the latest review from 2012, the prognostic value of TAMs for survival in patients with solid tumors was described on the basis of extensive literature research, and still remains controversial \[[@R44]\].

Macrophages are innate myeloid cells released from bone marrow as immature monocyte precursors. They have ability to migrate into different tissues, where they undergo specific differentiation processes \[[@R45]\]. In response to wide variety of stimuli, macrophages can 'transform' into two characteristic phenotypes \[[@R44]\]. The most often activated M1 phenotype is physiological, and M1 macrophages are induced by interferon-c, possibly with lipopolysaccharide, and TNF-α. Tumor associated macrophages type 1 are a major component of leukocyte infiltrate and produce signal molecules \[[@R46]\]. Differentiation of M1 macrophages into alternative M2 type is induced by IL-4 or IL-13. M2 phenotype is mainly associated with tumor promotion and progression, regulating processes such as angiogenesis, tumor cell growth and downregulation of the antitumor response \[[@R47],[@R48]\].

Inflammation-induced EMT has been previously shown, so it was hypothesized that M2-type TAMs are able to induce EMT \[[@R49],[@R50]\]. According to Santoni *et al*. in their newest publication from 2013, because TAMs are connected with vascular density and they contribute to angiogenesis, they mostly benefit from PDGF, TGF-β, PIGHF and GRP overexpression. In case of tumors so enriched with vessels as ccRCC, these processes are crucial. M2 macrophages also have the ability to adapt to hypoxia conditions \[[@R39],[@R51]\]. What is more, TAMs represent the vast majority of leukocyte population which infiltrate ccRCC as well as other tumors. When they undergo an alternative mechanism of activation, they contribute to poor prognosis in ccRCC. Instead of classical activation, interleukin-4, -10 and -13 induce macrophages to acquire M2-like state which, on the contrary to physiological M1 state, results in tumor necrosis factor alpha (TNF-α) overexpression \[[@R52]\]. Moreover, as a component of ccRCC microenvironment, TAMs contribute to higher vessel density, PDGF, VEGF or even placental growth factor (PIGF) overproduction (PIGF is a VEGF homolog also stimulating tumor angiogenesis) \[[@R53]\]. It was also shown that if TAMs are detected in serum at high levels, this represents poor clinical outcome. Dannenmann *et al*. state that ccRCC may even attract these macrophages when they are still undifferentiated and 'change' them into M2 phenotype. Their analysis confirmed that only M2, but not M1 macrophage phenotype is associated with more advanced tumor stage \[[@R54]\]. All in all, TAMs are key components in EMT process and represent a promising target for anti-ccRCC therapy.

Proven and probable processes causing resistance to TKIS in CCRCC
=================================================================

Angiogenic Escape/Angiogenic Switch
-----------------------------------

Both current and past researches have shown that anti-angiogenic therapy is only to some extent successful in the treatment of ccRCC, which is a highly vascularized tumor. Still, this approach should be definitely continued and improved to finally overcome resistance to TKIs. Concerning sunitinib, progression develops usually about 1 year after the beginning of the treatment. Huang *et al*. presented some crucial mechanisms of angiogenic switch in sunitinib-resistant ccRCC cells. They were mostly connected with elevated expression of interleukin-8, which was secreted in excessive amounts from tumor cells into the plasma.  IL-8 is a member of CXC chemokines family and a potent angiogenic factor. However, IL-8 neutralizing antibody, when co-administered with sunitinib, has resensitised ccRCC to TKIs treatment \[[@R55]\].

Huang *et al*. have also studied the mechanisms of resistance to TKIs by excluding the possibility of primary mutations. To do this, they sequenced receptors of tyrosine kinases genes - no mutations were found in FLT1 (VEGFR-1), KDR (VEGFR-2), FLT4 (VEGFR-3), PDGFR-α, PDGFR-β, c-KIT, and RET genes. This means that probably resistance to TKIs is mediated *via* VEGF/VEGFR mutation-independent mechanism and such data supports the earlier hypotheses that drug resistance to TKIs occurs as a result of action of angiogenic factors other than VEGF \[[@R55]-[@R57]\]. Regardless of the fact that VEGF is a crucial mediator of angiogenesis in physiological processes as a endothelial cells mitogen, it can be also present on cancer cells \[[@R15]\].

The hypothesis that the angiogenesis over-induction may be a hallmark of ccRCC progression is widely accepted nowadays \[[@R58],[@R59]\]. The 'angiogenic switch' was documented not only in the *in vitro*, but in the *in vivo* studies as well (ccRCC animal models). Evidence for acquired resistance as a result of neo-angiogenesis phenomenon have been also described \[[@R57],[@R60]-[@R63]\].

To sum up, both resistance and escape from anti-angiogenic therapy are multifactorial; drug resistance in clear-cell renal cell carcinoma, as well as in many other tumors where TKIs are of primary use as a targeted therapy, significantly lowers treatment efficacy.

Increased Pericyte Coverage of ccRCC Vessels
--------------------------------------------

Pericytes have been discovered over 100 years ago as perivascular cells that are wrapped around blood vessels (*peri* means - around; *cyte* means -- the cell). They are also called Rouget cells, mural cells or, since they have contractile fibers, vascular smooth muscle cells (VSMCs) \[[@R64]\]. Pericytes consist of a prominent nucleus and a small amount of cytoplasm. They are known for its supportive function to the microvasculature \[[@R65]\]. On the other hand, endothelial cells form the vessel layer, and mural cells are braiding the surface of the vascular tube, playing a crucial role in endothelial cells' proliferation, migration and stabilization. Those, in turn, stimulate pericytes' expansion and activation of their precursor cells population. Undoubtedly, a kind of physiological balance between the number of endothelial cells and pericytes exists and is thoroughly controlled by many, not necessarily all known, signaling pathways \[[@R66]\]. Lately, pericytes have been highlighted as critical for pathological over-angiogenesis in tumors and therefore are now perceived as potentially new therapeutic targets, especially for such well-vascularized tumors as clear-cell renal cell carcinoma \[[@R67],[@R68]\]. Perivascular cells mainly stabilize blood vessels formation, however, they also possess many other functions; their contraction regulates blood flow. Interestingly, in several organs, such as brain, liver and kidneys, pericytes perform specific functions and owing to this, they have additional names in these organs. Pericytes belonging to the subgroup of the glomerular capillaries in the kidney are called mesangial cells and account for *circa* 30% of the glomeruli population. In kidneys, they form a special surface for blood ultrafiltration \[[@R66],[@R67]\]. Moreover, pericytes are necessary for the proper wound healing process, during the menstrual cycle and pregnancy. Under pathological conditions, such as diabetic retinopathy and tumor growth, pericytes are also of high importance. The difference is that in pathological states the newly formed vessels do not stop growing and are under constant reconstruction, which leads to the formation of abnormally complicated vascular system \[[@R68]\].

In 2013, Cao *et al*. have published data on pericyte coverage of blood vessels, stating that highly differentiated vessels belonging to the general tumor vasculature is an independent unfavorable prognostic factor for patients with clear-cell renal cell carcinoma. The authors observed that higher number of pericyte-generated microvessels in serum is correlated with much more aggressive type of ccRCC and with its higher resistance to treatment as well \[[@R69]\]. Earlier research from 2010 revealed the failure of additional pericytes targeting while cancer treatment did not increase the antitumor effect already generated by tyrosine kinase inhibitors \[[@R70]\]. Studies confirmed that signaling pathways other than those related to VEGF may be essential in excessive angiogenic process in ccRCC. Yet unpublished observations of Casanovas and Kerbel, about which Bergers *et al*. have mentioned in their known review 2010 showed that TKI treatment as well as dual targeting of monocytes and endothelial cells, lead to higher incidence of metastasis in various tumors \[[@R71]\].

Interestingly, pericyte depletion ('exhaustion') in cancer was shown to cause epithelial to mesenchymal transition associated with increased hypoxia conditions. Moreover, impaired pericyte coverage of blood vessels paradoxically leads to defective tumor vasculature formation and increased metastasis, and at the same time inhibits tumor growth \[[@R72]\].

Reduced Drug Levels in Plasma and Serum
---------------------------------------

During patients treatment and molecular laboratory research as well, it is essential to keep in mind that apart from targeting inadequate molecules, unknown signaling pathways etc., the other possible factors contributing to the resistance mechanism in ccRCC are reduced drug levels in plasma. It was proved that in the case of sunitinib and axitinib, the higher drug concentrations in plasma, the higher clinical benefit \[[@R73]\]. Moreover, it was reported that sunitinib tends to inhibit ccRCC proliferation only at clinically relevant concentrations \[[@R74]\]. Basically, a typical resistance model considering reduced drug levels is the increased drug efflux which results in a decreased intracellular TKIs concentrations in cells which subsequently develop resistance. The ultimate idea to overcome, at least partially, such difficulties, seems to optimize the dose of therapy administered to ccRCC patients. A few years ago, authors of a prominent meta-analysis showed that the higher dose of sunitinib, the longer time with no progression. What is more, after significantly increased doses of this tyrosine kinase inhibitor, a probability of achieving at least a partial or even  a complete response was much higher in metastatic renal cell carcinomas. Unfortunately, this was observed only in case of sunitinib administration, as patients receiving higher doses of sorafenib mostly do not tolerate its high concentrations \[[@R75]\]. It has been further proposed that serum drug levels rather than whole blood drug levels should be taken into consideration while adjusting TKIs dose in order to obtain maximum efficiency and minimum resistance. The only available data in this matter were published by Khalil *et al*. in 2011 and were suggesting that such strategy should be successful in the improvements of drug tolerance \[[@R76],[@R77]\].

Drug-level mechanism of resistance is therefore related to the impaired influx and excessive efflux of the drug components. As a result, effective concentration is not achieved, which leads to the lack of proper response to TKIs treatment. Irregular blood flow or even the anatomical/ functional defects in tumor vasculature may of course affect drug response, but still, drug levels and drug plasma sequestration (described in the sub-chapter below) are mainly influencing the level of resistance to TKIs \[[@R78]\].

Lysosomal Sunitinib Sequestration
---------------------------------

Most of currently approved, mostly anti-cancer drugs, used as an alternative to standard chemotherapy, are chemically weak bases. This makes them substrates in the process of sequestration (substances capture and their long-term storage) into intracellular compartments with acidic features. Such compartments may be lysosomes, which capture drugs *via* ion trapping mechanism \[[@R79]\].

Recent data revealed that sunitinib is sequestered in lysosomes while treatment of clear-cell renal cell carcinoma. Gotink *et al*. have investigated last year intracellular sunitinib concentrations in renal cell carcinoma to establish the rule that resistance to sunitinib develops, since in resistant cells this tyrosine kinase inhibitor is sequestered in some specific cell compartments. To do this, they analyzed the subcellular sunitinib distribution and showed that this drug, which is biochemically a hydrophobic, weak base, is sequestered in acidic lysosomes. This mechanism was assessed as reversible and mainly connected with sunitinib because of its chemical features \[[@R74]\].

Potential mechanisms of drug-induced changes in lysosomal volumes are currently being investigated. Such results may help to rationalize how sequestration may work when other tyrosine kinase inhibitors are taken into consideration \[[@R74],[@R79]\].

Accumulation of Bone Marrow Derived Cells Around and Inside the Tumor
---------------------------------------------------------------------

Bone marrow derived cells (BMDCs) comprise: vascular progenitor cells, pro-angiogenic monocytes, VEGFR-1+ hemiangiocytes and CD11b+ myeloid cells \[[@R80]\]. These cells modulate expression of a wide variety of cytokines, growth factors, enzymes (mainly proteases) etc. They are recruited as a result of hypoxia occurrence, which in turn is caused by vascular regression \[[@R71]\]. The latter occurs due to anti-angiogenic therapy, mainly using tyrosine kinase inhibitors. The problem connected with BMDCs is that they possess the ability to create new blood vessels which supply the arising tumor. This means that hypoxia, triggered in response to excessive angiogenesis, contributes to tumor adaptation to its conditions by means of BDMCs \[[@R81]\].

Conclusion and future directions
================================

Anti-angiogenic agents are more efficient rather than previous therapeutic approaches, using, for instance, interferon \[[@R82]\]. Iacovelli *et al*. meta-analyzed the incidences of positive responses for the first-line treatment in metastatic renal cell carcinoma and showed that this is an extremely rare event. In fact, the number of patients reaching complete response (CR) when treated with tyrosine kinase inhibitors (sunitinib and sorafenib) accounts for less than 3%, which is nonetheless a better result than achieved by using standard chemo-, radio- or hormone therapy \[[@R4]\].

Drug resistance in clear-cell renal cell carcinoma occurs to enable cancer cells' survival in hypoxia conditions, but this is not the main point. It seems that ccRCC cells are putting all their efforts to gain angiogenic potential which would be as independent of VEGF, as possible \[[@R22]\]. Clinical studies performed until now have demonstrated obvious linkages between blocking angiogenic pathways and clinical treatment efficacy \[[@R25],[@R77]\]. The adoption of alternative signaling pathways to compensate for the inhibition of 'traditional' VEGF/VEGFR signaling is probably a common mechanism for the resistance development \[[@R55]\]. Still,  actual resistance mechanisms in ccRCC remain elusive. Hypothetically, chemoresistance may result from inherent or acquired genetic alterations, composition changes in the microenvironmental vasculature of compensatory character, as well as from over-production of additional pro-angiogenic growth factors, increased pericyte coverage of blood vessels and accumulation of bone marrow derived cells near ccRCC cells \[[@R34]\] (Fig. **[1](#F1){ref-type="fig"}**).

In conclusion, many novel therapeutic approaches are currently under intense investigation, which in turn may provide some additional treatment options for patients who eventually tend to progress after VEGF- and/or PDGR- targeted treatment. Predictive markers are needed for proper therapeutic approach selection. Resistance itself is a really broad term, which by defining it only considering RECIST criteria brings some limitations. This is a drawback mainly for molecular biologists/biotechnologists or other participants of molecular research teams working on resistance mechanisms in oncology. Contemporarily, therapeutic strategies such as dose escalation, drug combinations, parallel inhibition of signaling pathways and extensive laboratory research are implemented to overcome ccRCC metastasis. Resistance to TKIs treatment in ccRCC may be delayed by the restoration of angiostatic signaling, but nonetheless it eventually develops \[[@R59]\]. Revealing the truth about TKIs resistance mechanisms in clear-cell renal cell carcinoma treatment may shed light upon both therapeutic as well as scientific approaches and bring hope for terminally ill patients.
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ATP

:   adenosine triphosphate

BMDCs

:   bone marrow derived cells

BRAF

:   human gene that makes a protein called B-Raf; also referred to as proto-oncogene B-Raf and v-Raf murine sarcoma viral oncogene homolog B1

ccRCC

:   clear-cell renal cell carcinoma

CD11b

:   cluster of differentiation 11b molecule

c-KIT

:   proto-oncogene; encodes a transmembrane kinase which is related to the receptors for colony-stimulating factor type 1 and platelet-derived growth factor, as well as to the immunoglobulin superfamily

CML

:   chronic myeloid leukemia

CR

:   complete response

CRAF

:   RAF proto-oncogene serine/threonine-protein kinase also known as proto-oncogene c-RAF or simply c-Raf or even Raf-1

CSCs

:   cancer stem cells

CXC

:   CXC chemokine receptor

EGFR

:   epidermal growth factor receptor

EMT

:   epithelial to mesenchymal transition

ErbB

:   HER2, also known as Neu, ErbB-2, CD340 or p185, is a protein that in humans is encoded by the ERBB2 gene; a member of the epidermal growth factor receptor family

FLK1

:   KDR, see: PDGF

FLT1

:   FMS-related tyrosine kinase 1, see: VEGF-1

FLT3

:   FMS-related tyrosine kinase 3

FLT4

:   FMS-related tyrosine kinase 4, see: VEGF-2, VEGF-3

Gli-1

:   sonic hedgehog downstream transcriptional factor

GRP

:   gastrin-releasing peptide

HER

:   human epithelial growth factor receptor

HIF-1α

:   hypoxia-inducible factor 1-α

IL-α

:   interleukin-α

KDR

:   kinase insert domain receptor

MMPS

:   metalloproteinases

PDGF-α

:   platelet-derived growth factor α

PDGF-β

:   platelet-derived growth factor β

PIGHF

:   placental induced growth factor

RET

:   protooncogene encoding a receptor tyrosine kinase for members of the glial cell line-derived neurotrophic factor family of extracellular signaling molecules

Shh

:   sonic hedgehog

SP

:   side population

TAMs

:   tumor associated macrophages

TGF-β

:   tumor growth factor beta

TKIs

:   tyrosine kinase inhibitors

TNF-α

:   tumor necrosis factor alpha

VEGF-1,-2,-3

:   vascular endothelial growth factor 1, 2, 3

VSMCs

:   vascular smooth muscle cells

![Mechanism of healthy cell differentiation into ccRCC cell. Sample processes have been marked by: 1: lysosomal sequestration; 2: accumulation of BDMCs; 3: EMT; 4: angiogenic switch; 5: increased pericyte coverage; 6: reduced drug levels in serum/plasma. When these processes are activated - no matter if only one of them, or more parallely/subsequently, drug resistance and therefore metastasis will probably occur.](CSTT-8-219_F1){#F1}

###### Abnormalities and alterations probably contributing to the mechanism of drug resistance to tyrosine kinase inhibitors in ccRCC.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Process**\                                   **Cell Type**\                                                                               **Abnormality**                                                                                                               **Result**                                                                                                                 **Resistanceto TKIs**\
  **Name**                                       **Involved**                                                                                                                                                                                                                                                                                                                                          **Developed**
  ---------------------------------------------- -------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------
  epithelial to mesenchymal transition           healthy epithelial cells                                                                     polarized epithelial cells convert into motile epithelial cells or to cells with stem cell-like properties                    escape of cells from their biological structure; tumorigenesis; acquired resistance                                        all approved: sorafenib, sunitinib, axitinib, pazopanib, tivozanib

  lysosomal sequestration                        ccRCC cells                                                                                  sunitinib is captured and stored in intracellular compartments (other than in ccRCC cells) instead of reaching cancer cells   low concentrations of sunitinib in plasma and serum, and finally in ccRCC cells; therapeutic concentrations not achieved   only sunitinib (proved until now; resistance to other TKIs possible)

  increased pericyte coverage of tumor vessels   perivascular cells /\                                                                        stabilized process of abnormally complicated vascular system formation; tumorigenesis                                         excessive angiogenesis of ccRCC, more aggressive tumor type                                                                all approved: sorafenib, sunitinib, axitinib, pazopanib, tivozanib
                                                 vascular smooth muscle cells                                                                                                                                                                                                                                                                                                                          

  angiogenic switch                              vascular cells                                                                               multifactorial, excessive growth of tumor vascular system                                                                     ccRCC progression                                                                                                          all approved: sorafenib, sunitinib, axitinib, pazopanib, tivozanib

  accumula-tion of bone marrow derived cells     vascular progenitor cells; pro-angiogenic monocytes; VEGFR-1^+^ hemiangio-cytes; CD11b^+^\   bone marrow derived cells accumulation inside and around the tumor; new blood vessels supplying the arising tumor             ccRCC adaptation to hypoxia conditions; tumorigenesis                                                                      all approved: sorafenib, sunitinib, axitinib, pazopanib, tivozanib
                                                 myeloid cells                                                                                                                                                                                                                                                                                                                                         
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
